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Mechanism of Persistent Protein Kinase D1
Translocation and Activation
signals lasts much longer; in minutes to hours, these
signals are translated into profound cellular changes.
How do transient DAG signals lead to prolonged down-
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its activation.
DAG accumulates in the plasma membrane after re-
ceptor activation. Subsequently, proteins that containSummary
DAG binding C1 (cysteine-rich) domains translocate to
the plasma membrane (Oancea and Meyer, 1998), be-The specificity of many signal transduction pathways
come activated, and initiate their specialized functions.relies on the spatiotemporal features of each signaling
PKD1 remains active for hours after plasma membranestep. G protein-coupled receptor-mediated activation
translocation (Matthews et al., 2000) and affects suchof protein kinases leads to diverse cellular effects.
apparently diverse biological processes as proliferationUpon receptor activation, PKD1 and several C-type
(Zhukova et al., 2001) and apoptosis (Asada et al., 1998;protein kinases (PKCs), translocate to the plasma
Endo et al., 2000). PKD1 initiates Rho-mediated cy-membrane and become catalytically active. Here we
toskeletal changes (Yuan et al., 2001) as well as reorgani-show that, unlike PKCs, PKD1 remains active at the
zation of the Golgi apparatus (Jamora et al., 1999;membrane for hours. The two DAG binding C1 do-
Liljedahl et al., 2001). These disparate functions suggestmains of PKD1 have distinct functional roles in tar-
that localization is critical to PKD1’s function.geting and maintaining PKD1 at the plasma mem-
PKD1’s domain structure is unlike that of any otherbrane. C1A achieves fast, maximal, and reversible
protein kinase. PKD1 contains a complex regulatory do-translocation, while C1B translocates partially, but
main and a catalytic domain (Figure 1A). The regulatorypersistently, to the plasma membrane. The persistent
domain contains an N-terminal alanine/proline-rich vari-localization requires the C1B domain of PKD1, which
able region (V1) and two C1 domains (C1A and C1B)binds Gq. We incorporate the kinetics of PKD1 trans-
analogous to similar domains in the PKC family. How-location into a three-state model that suggests how
ever, PKD-C1B differs from the C1 consensus profilePKD1 binding to DAG and Gq uniquely encodes fre-
(Hurley et al., 1997). The regulatory domain also containsquency-dependent PKD1 signaling.
a pleckstrin homology (PH) domain reminiscent of the
PKB family of kinases. The catalytic domain (Ser/ThrIntroduction
kinase) is most similar (41%) to the myosin light chain
kinase (MLCK) of Dictyostelium (Valverde et al., 1994).Receptor-mediated signal transduction processes em-
Deletion of the tandem C1 domains (C12) or the PHploy a small number of second messengers to generate
domain of the regulatory region renders the kinase fullya great variety of cellular responses. The spatial and
active (Iglesias and Rozengurt, 1998; Valverde et al.,temporal localization of the signaling molecule, com-
1994). It is not clear whether domain deletion removesbined with its substrate specificity, lead to specific re-
the domain’s ability to inhibit the catalytic site or whether
sponses. A major question of current biology is how
it otherwise alters the protein’s quaternary structure.
the spatial and temporal specificity of these signals are
The tandem C1 domain of PKD1 (C12) has been impli-accomplished. Here we investigate the translocation cated in localizing PKD1 to the plasma membrane in
and activation mechanism of protein kinase D (PKD, response to activation of receptors that lead to genera-
PKC, and PKD1; Lemmon et al., 2002) in response to tion of DAG or to phorbol ester (Yuan et al., 2001). As
G protein Gq receptor-mediated activation. evidence that there are C1A- and C1B-specific func-
Many cellular receptors initiate the release of the second tions, PKD1’s C1A domain is required for PKD1 localiza-
messenger, DAG. In particular, Gq G protein-coupled tion to the Golgi apparatus (Baron and Malhotra, 2002;
and tyrosine kinase receptors stimulate phospholipase C Maeda et al., 2001), while the C1B domain is required for
(PLC) catalysis of plasma membrane phosphatidyl inositol nuclear import (Rey and Rozengurt, 2001). The relative
4,5-bisphosphate [PI(4,5)P2] to form DAG and inositol affinity of C1A and C1B for DAG or phorbol ester is
1,4,5-trisphosphate (IP3). Biochemical assays (Lisco- controversial. Iglesias et al. (1998) found that the two
vitch, 1992) and studies employing DAG binding do- C1 domains were dissimilar, with the C1B domain re-
mains (Oancea et al., 1998) suggest that the DAG signal sponsible for the majority of phorbol ester binding. In
is transient (200 s) in spite of sustained receptor stimu- contrast, Irie et al. (1999) found that C1A and C1B bound
lation. The subsequent intracellular calcium (Ca2) ele- phorbol ester equally and in a similar manner to the
vation by IP3, as well as the activation of protein kinase analogous domains of PKC. The PH domain of PKD1
C, lasts seconds to minutes. However, the effect of these does not appear to bind any particular lipid with high
specificity. However, the PKD-PH domain participates
in interactions with PKC (Waldron et al., 1999) and the*Correspondence: dclapham@enders.tch.harvard.edu
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Figure 1. Irreversible Translocation to the Plasma Membrane and Activation of PKD1-GFP in Response to Stimulation of Gq-Coupled
Receptors
(A) The domain structure of PKD1. The regulatory domain of PKD1 contains a tandem C1 domain (C12  C1A  C1B), a PH domain, and the
V1, V2, and V3 variable regions. GFP was fused to the carboxyl terminus.
(B) PKD1-GFP-expressing HM1 cells before and after addition of 10 M carbachol. Sequential confocal images were recorded every 5 s to
monitor the translocation of the GFP-tagged proteins to the plasma membrane. Calibration bar, 10 m.
(C) PKC-GFP-expressing HM1 cells before and after addition of 10 M carbachol. Note that PKC translocation is complete by 50 s and is
reversible. Calibration bar, 10 m.
(D) Carbachol-induced PKD1-GFP translocation to the plasma membrane was not reversed within 90 min. Calibration bar, 20 m.
(E) The kinase activity of PKD1-GFP expressed in HM1 cells stimulated with carbachol was determined with a phospho-PKD1-specific antibody.
PKD1-GFP was immunoprecipitated before and at different time intervals after carbachol stimulation with an anti-GFP antibody. Equal amounts
of protein were analyzed either with a GFP-specific antibody (lower panel) or with the phospho-PKD1-specific antibody (upper panel). The
intensity of the bands in the upper panel indicates what fraction of the PKD1-GFP detected in the lower panel was catalytically active. The
activity of the kinase, as detected by the phospho-PKD1 antibody, remains elevated even after 60 min and is correlated with the plasma
membrane translocation of the protein.
G protein  subunit (Jamora et al., 1999). Finally, the Here we investigate the mechanism by which Gq
receptor stimulation initiates the long-term translocationPKD1-PH domain also appears to be required for the
nuclear export of PKD1 (Rey et al., 2001). of PKD1 to the plasma membrane. Our results show
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that only the membrane-associated PKD1 is catalytically To answer the question of how PKD1 translocation
active and that its activation is a multistep process. First, correlates to kinase activation, we immunoprecipitated
in response to DAG production, PKD1 is targeted to PKD1-GFP from HM1 cells, unstimulated and 15, 30, and
the plasma membrane via its C1A domain. Membrane- 60 min after carbachol stimulation. Catalytically active
associated PKD1 binds to GTP-Gq via its C1B and V1 PKD1 was detected with an anti-phospho PKD1 (Ser916)
domains and remains at the membrane, even after the antibody that detects only the active form of the kinase
DAG levels return to baseline. In this state PKD1 is ac- (Matthews et al., 1999). Equal amounts of immunopre-
tive. The unique combination of a transient DAG signal cipitated PKD1-GFP were detected either with a GFP-
and binding to Gq allows PKD1 to translate a short specific antibody or with the phospho-PKD1-specific
hormonal stimulus into a long-lasting cellular response. antibody. Our results show that PKD1 becomes acti-
As a consequence, periodic hormonal signals that stim- vated in response to stimulation of the M1 receptor and
ulate the cell at time intervals shorter than 1000 s will remains active for longer than 60 min (Figure 1E). We
be integrated by PKD, while signals that occur at time conclude that the persistent translocation of PKD1 to
intervals longer than 1000 s will be decoded by PKD1 the plasma membrane in response to Gq receptor stim-
as independent signals. ulation is tightly correlated with persistent kinase acti-
vation.
Results The intensity of fluorescence within individual cells
was quantitated and normalized as shown in Figure 2A
PKD1 Translocates and Remains Active at the (see Experimental Procedures). Carbachol-induced
Plasma Membrane in Response to Gq translocations of PKD1-GFP, PKC-GFP, and PKC-
Receptor Activation GFP (a Ca2- and DAG-dependent PKC) are compared
Carbachol elicits transient Ca2 and DAG responses in in Figure 2B. The most striking difference measured
HEK cells stably transfected with the Gq-linked musca- between these three molecules was the persistence of
rinic type 1 receptor (HM1) (Peralta et al., 1988). Using PKD1-GFP at the plasma membrane. Moreover, the rate
GFP-tagged PKD1, we sought to determine the time for PKD1 translocation to the membrane was much
course of PKD1 translocation from the cytosol to the slower than that for the two PKC isoforms (Figure 2B;
plasma membrane and back into the cytosol. We also t1/2  54.0  12.5 s, n  12 for PKD1; t1/2  15.4  2.6 s,
investigated the relationship between translocation and n  8 for PKC; and t1/2  11.60  1.6 s, n  15 for
activation of the kinase. As shown previously, the GFP PKC). These rate differences could reflect the relative
tag does not interfere with DAG binding or the catalytic speeds and complexities of the protein conformational
activity of the kinase (Matthews et al., 2000). changes required for translocation or simply the differ-
Before stimulation, the fluorescent PKD1-GFP protein ences in their binding affinities for DAG. For PKD1, phos-
was primarily cytosolic, with a small fraction localized phorylation of two sites in the activation loop (Waldron
to intracellular structures. After M1 receptor activation, et al., 2001) might initiate a conformational change nec-
the amount of fluorescence translocated from cytosol
essary for DAG binding. Alternatively, its unique reg-
to the plasma membrane increased gradually to a pla-
ulatory (V1) domain may undergo rearrangement. To
teau in 400 s (Figure 1B). As shown in Figure 1D,
determine the relative role of these domains in the trans-
translocation persisted for more than 90 min. A similar
location process, we constructed PKD1s with truncatedtime course of PKD1 translocation was observed after
individual or tandem domains.stimulation of endogenous Gq-linked purinergic recep-
Deletion and truncation mutants of PKD1 are sum-tors in HEK cells, histamine receptors in HeLa cells,
marized in Figure 2C. The translocation of expressedand PAF receptors transfected into HEK cells (data not
mutant PKD1-GFPs was monitored after carbachol ad-shown). PKD1-GFP translocation was not detected after
dition. The mutant lacking the V1 domain (PKD	V1)stimulation of Gi-coupled M2 or FMLP receptors in
translocated to the plasma membrane slightly fasterHEK cells (data not shown).
than wild-type (wt) PKD1 (t1/2  34.1  9.5 s; n  15).We first compared PKD1 and PKC translocation in a
Unlike that of wt PKD1, PKD	V1’s translocation wasmodel system. PKC was used because it is a Ca2-
slowly reversible. Further truncation of the C12 domain ofindependent PKC isoform containing a DAG binding C12
PKD1 abrogated translocation to the plasma membrane,domain, and, like PKD, translocates in response to Gq
suggesting that the C12 domain is necessary for recep-receptor stimulation. PKC-GFP translocation was de-
tor-induced PKD1 translocation.tected in response to the same carbachol stimulus pro-
To determine whether DAG binding to the C12 domaintocol used for PKD1-GFP. Unlike PKD1-GFP transloca-
was not only necessary, but also sufficient, for PKD1tion, PKC-GFP translocation was transient, reaching a
translocation, we bypassed the muscarinic receptor topeak in 50 s and reversing within 400 s (Figure 1C). A
directly increase DAG’s concentration in the membrane.higher fraction of the PKC-GFP was associated with
The Clostridia perfringens PC-PLC enzyme cleavesintracellular structures than for PKD1-GFP, but this frac-
plasma membrane phosphatidylcholine to form DAGtion did not translocate to the plasma membrane. More-
and IP3. When PC-PLC was added to HM1 cells, PKD1-over, lysophosphatidic acid (LPA) receptor activation
GFP was translocated to the membrane over the sameof Gq in primary rat cardiac fibroblasts persistently
time course as for muscarinic receptor stimulation (Fig-translocated endogenous PKD, as shown by immuno-
ure 2D). These results suggest that binding of the C12staining with a PKD-specific antibody and cellular frac-
domain to DAG is both necessary and sufficient fortionation (see Supplemental Data at http://www.
developmentalcell.com/cgi/content/full/4/4/561/DC1). translocation of PKD1 to the plasma membrane.
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Figure 2. The C12 Domain of PKD1 and DAG Production Are Necessary and Sufficient for PKD1 Translocation to the Plasma Membrane
(A) For quantitation of translocation, confocal images of HM1 cells expressing PKD1-GFP or other GFP-tagged proteins were acquired as
time series of one hundred images, taken every 4–6 s. The fluorescence intensity of a cytosolic area (red circle) representing more than 10%
of the total cytosolic surface area was measured for each image in a time series. The ratio of the relative fluorescence intensity at each time
point [Icyt(t)] and the fluorescence intensity of the same area before stimulation [Icyt(0)] was determined as a function of time. After the ratio
was normalized, plasma membrane (PM) translocation was calculated as 1 
 R(t)norm.
(B) Comparison of GFP-tagged PKD1, PKC, and PKC translocation to the membrane. PKC translocated most rapidly (t1/2  11.6  1.6 s)
but also reversed within 2 min. PKC translocation was less rapid (t1/2  15.4  2.6 s), while PKD1 translocation was slowest (t1/2  54.0 
12.5 s) and did not reverse during the time frame of the experiment. Each trace represents the average of 12–18 cells from at least three
different experiments.
(C) The C12 domain of PKD1 is required for the carbachol-induced PM translocation of PKD1. Deletion of the V1 domain slightly slowed its
PM translocation. In the absence of the C12 domain, PKD1	VC12 did not translocate to the plasma membrane. Each trace represents the
average of 12–18 cells from at least three different experiments.
(D) Exogenous phosphatidylcholine-PLC (PC-PLC) produces plasma membrane DAG and closely mimics the effect of carbachol on PKD1-
GFP translocation. The response was averaged from ten cells from three different experiments.
PKD1 and PKC Translocations Have Similar binding affinity should shift the carbachol dose-
response curve.Sensitivities to Receptor Activation,
but Distinct Time Courses To determine the dose response to carbachol, cells
expressing either PKD1-GFP or PKC-GFP were stimu-In our experiments, PKD1 remained localized to the
plasma membrane, even when DAG’s concentration re- lated with increasing concentrations of carbachol. Sub-
sequent addition of the phorbol ester, PDBu (1 M), wasturned to baseline. This persistent PKD1 localization
may be due either to a high binding affinity to the plasma assumed to elicit maximal plasma membrane transloca-
tion and was therefore used to calibrate the amplitude ofmembrane DAG or to binding to a membrane-associated
protein. Since stimulation of the HM1 cells with decreas- the carbachol signal. When PKD1- or PKC-expressing
cells were stimulated with submaximal concentrationsing concentrations of carbachol produced correspond-
ingly less DAG, differences in the PKD1 or PKC-DAG of carbachol, the translocation response maintained the
Persistent PKD1 Translocation and Activation
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Figure 3. PKD1 and PKCHave Similar Dose
Responses to Carbachol, but Different Trans-
location Kinetics
(A) Representative traces of individual HM1
cells used to determine the amplitude and
kinetics of the response to carbachol. Cells
expressing either PKD1-GFP or PKC-GFP
were stimulated first with carbachol and, after
250 s, with PDBu to elicit maximal transloca-
tion. The traces were normalized to the maxi-
mal PDBu response. The amplitude of re-
sponses to 0.1 M carbachol was 58% and
66% of maximum for PKD1-GFP and PKC-
GFP, respectively.
(B) Averaged amplitudes of the plasma mem-
brane translocation of PKD1-GFP or PKC-
GFP as a function of carbachol. Twelve to
18 cells from three independent experiments
were averaged for each point.
(C) Kinetics of translocation of PKD1-GFP or
PKC-GFP as a function of carbachol. For
each cell, the time corresponding to the half-
maximal amplitude (t1/2) of the carbachol re-
sponse was determined from graphs similar
to those shown in A. Twelve to 18 cells from
three independent experiments were aver-
aged for each point.
same overall temporal characteristics (Figure 3A). The were present. No measurable translocation was de-
tected for the flanking regions alone or for the GFP-dose-response curves for PKD1 and PKC were indis-
tinguishable (Figure 3B), suggesting that the two pro- tagged PH domain of PKD1 in response to receptor
activation. These experiments suggest that the domainsteins had similar DAG affinities.
We determined the time course (t1/2) of translocation flanking C1A and C1B may play a role in stabilizing
PKD1’s binding to the plasma membrane.of PKD1 and PKC as a function of carbachol concentra-
tion (Figure 3C). Unlike the amplitude of the translocation Carbachol stimulation of HM1 cells expressing C1A-
GFP (Figure 4A) induced maximal C1A translocation toresponse, the half-time (t1/2) for PKC and PKD1 re-
mained constant and distinct with increasing concentra- the plasma membrane after 20 s. Surprisingly, this trans-
location was fully reversible in less than 300 s. In contrasttions of carbachol. Taken together, these results sug-
gested that DAG was not the only factor involved in the to C1A, C1B-GFP was only partially translocated to the
plasma membrane after 100 s, and its translocation per-persistence of PKD1 localization to the plasma mem-
brane. sisted for more than 300 s (Figure 4B).
To compare the translocation amplitude and kinetics
of the two C1 domains, we plotted the averaged plasmaThe C1A and C1B Domains of PKD1 Have
Distinct Functional Roles membrane translocation in response to carbachol (nor-
malized to subsequent PDBu-induced translocation;PKD1’s C12 domain differs from conventional and novel
PKCs in the length of the linker (V2 domain) between Figure 4C). The C1A-containing mutant translocated
rapidly, reaching 66% of the maximal response by 20the two C1 domains (Figure 1A). In contrast to conven-
tional and novel PKCs with only 15 or 22 amino acids s, and fully reversed within 300 s. In contrast, the C1B-
containing mutant reached only 16% of the maximallinking the C1 domains, PKD1 has a V2 domain con-
taining 82 amino acids. This longer and more flexible amplitude and did not reverse in up to 300 s. One inter-
pretation of this result is that the C1A domain targetslinker might allow the two C1 domains to act as separate
modules and to serve different roles in PKD1’s function. PKD1 to the plasma membrane, while C1B maintains
PKD1 at the plasma membrane.To test the role of the individual C1 domains in the
translocation of PKD, we GFP-tagged truncated mu- To test the hypothesis that the two C1 domains have
distinct functional roles, we constructed a chimeric formtants containing the C1A domain or the C1B domain.
When GFP fusion proteins of the C1A or C1B domains of PKD1 in which the C1B domain was replaced by a
second C1A domain (PKD(2C1A)-GFP). When ex-alone were expressed in HM1 cells, no translocation
was observed in response to receptor activation or to pressed in HM1 cells, PKD(2C1A)-GFP had the same
distribution as wt PKD1-GFP (data not shown). But, un-phorbol ester. However, the C1A and C1B domains
translocated when the variable regions flanking them like wt PKD1-GFP, PKD(2C1A)-GFP translocates
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Figure 4. The C1A and C1B Domains Have Distinct Roles in PKD1 Translocation: C1A Targets PKD1 to the Plasma Membrane, while C1B
Stabilizes PKD1 at the Plasma Membrane
(A) The C1A-containing PKD1-GFP mutant was reversibly translocated to the plasma membrane after HM1 cell stimulation with 10 M
carbachol. Calibration bar, 10 m.
(B) The C1B-containing PKD1-GFP mutant was partially, but irreversibly, translocated to the plasma membrane after HM1 cell stimulation
with 10 M carbachol. Calibration bar, 10 m.
(C) Comparison of the time course and amplitude of C1A-GFP, C1B-GFP, and PKD1-GFP translocation to the plasma membrane. Each trace
represents the average of 12–18 cells from three independent experiments.
(D) A chimeric form of PKD1-GFP containing two C1A domains (PKD1(2C1A)-GFP) translocates to the plasma membrane rapidly, but
transiently, upon stimulation with 10 M carbachol as compared with wt PKD1-GFP.
reversibly to the plasma membrane in response to re- PKD1 Interaction with Gq* Stabilizes PKD1
at the Plasma Membraneceptor stimulation (Figure 4D). PKD(2C1A)-GFP trans-
location is complete, but the time course of the translo- Once translocated by DAG to the plasma membrane,
PKD1 remains associated with the membrane for hours.cation is faster than that for wt PKD1-GFP (t1/2  12.2 
3.7 s). Taken together, these results confirm the tar- One potential mechanism for locking PKD1 into its mem-
brane-associated state is by binding to a plasma mem-geting role of C1A and suggest that the C1B domain
is required for persistent translocation of PKD1 to the brane protein. In early studies we noticed that cotrans-
fection of PKD1-GFP with the constitutively active formplasma membrane.
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Figure 5. PKD1-GFP Is Localized to the Plasma Membrane in the Presence of Constitutively Active Gq (Gq*)
(A) Confocal images of HM1 cells coexpressing Gq* and GFP-tagged PKD1, C1A, PKC, or PKC. Only PKD1-GFP localized at the plasma
membrane. Calibration bar, 10 m.
(B) Quantitation of plasma membrane localization induced by Gq*. Confocal images of HM1 cells transfected with PKD1-GFP (only) or with
both Gq* and either PKD1-GFP, C1A-GFP, PKC-GFP, or PKC-GFP. For each individual cell the ratio R was calculated as the fraction of
fluorescence localized at the plasma membrane (Fmem/Fcyt). Each bar represents the average of 12–18 cells from at least three different
experiments.
(C) PKD1-GFP is localized to the plasma membrane by Gq*, but not by Gq or constitutively active Gi*, G13*, or G. Confocal images
of HM1 cells transfected with PKD1-GFP and either Gq*, Gq, G and PLC2, Gi*, or G13* were recorded from at least two independent
experiments. The averaged ratio (R) was calculated for 12–18 individual cells.
(D) Both the V1 and the C1B domains of PKD1 are required for the Gq*-induced localization of PKD1-GFP to the plasma membrane. Confocal
images of HM1 cells coexpressing Gq* and the GFP-tagged constructs shown on the left were recorded and analyzed as above. Removal
of the V1 domain from PKD1 reduced the plasma membrane localization by 30%, while removal of the C1B domain reduced localization by
80%.
of Gq (Gq*, the Q209L mutant of Gq that locks the protein. To detect DAG in the plasma membrane, we
fused the PKC-C1A domain to GFP (C1A-GFP) andprotein in the GTP-bound state) localized PKD1 almost
exclusively to the membrane (Figure 5A). This may have used it as a DAG indicator. Upon coexpression with
Gq* (Figure 5A), no change in the cellular distributionbeen a consequence of either constitutive generation
of DAG or the result of PKD1 binding to a membrane of the C1A-GFP was observed when compared with
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control cells. The effect of Gq* was also tested on are known to be functionally important, Qian et al.
showed that an N-terminal HA tag did not interfere withPKC and PKC localization, but neither was altered
under these conditions (Figure 5A). Gq activation of PLC (Qian et al., 1993). We tested
whether the N-terminal HA-tagged Gq* was capablePKD1’s cellular localization induced by Gq* was
quantitated as the fraction of the total PKD1-GFP fluo- of localizing PKD1-GFP to the plasma membrane. As
shown in Figure 6B, the HA tag did not interfere withrescence localized at the plasma membrane compared
with that localized at the cytoplasm (R Fmem/Fcyt; Figure the ability of Gq* to localize PKD1-GFP to the plasma
membrane. Furthermore, PKD1-GFP’s cellular distribu-5B). In the absence of Gq*, PKD1-GFP was mainly
cytosolic (R 0.001 0.09) but became almost entirely tion was not changed by HA tagging of the inactive Gq.
The interaction between PKD1-GFP and HA-Gq* wasplasma membrane-localized in Gq*-expressing cells
(R  0.78  0.07). For controls, PKD1 membrane local- evaluated by immunoprecipitating PKD1-GFP from HEK
cells expressing both proteins and testing for the pres-ization was also measured in cells expressing inactive
Gq, G (which can generate DAG only in the presence ence of HA-Gq* (Figure 6C). HA-Gq* also coimmuno-
precipitated with the C1B-containing fragment of PKD1of PLC2), or constitutively active Gi (Gi*) or G13
(G13*) subunits. As shown in Figure 5C, PKD1-GFP (Figure 4B), suggesting that the C1B domain is not only
necessary, but also sufficient, for the PKD1-Gq* inter-translocation to the membrane was only correlated with
Gq* cotransfection. The lack of PKC or PKC translo- action.
The interaction between PKD1 and Gq* was alsocation in the presence of Gq*, combined with the strong
association between Gq* (but not G) expression and tested in rat primary cardiac fibroblasts, since high lev-
els of both PKD1 and Gq are expressed endogenouslyPKD1 plasma membrane localization, raises the possi-
bility that PKD1 and Gq* directly interact. (Figure 6D). In these fibroblasts Gq coimmunoprecipi-
tated with a PKD1-specific antibody (Figure 6D, lane3),To determine the domains of PKD1 that are important
for Gq*-induced PKD1 membrane localization, we but not with a PKCI-specific antibody (data not shown).
These results show that both expressed and endoge-tested various GFP-tagged PKD1 truncation mutants
cotransfected with Gq* (Figure 5D). In order to preserve nous Gq* and PKD1 directly interact.
The length of time that Gq spends in the GTP-boundthe tertiary structure of the protein, we deleted either the
N- or C-terminal PKD1 domains, but not intramolecular state controls the activity of PLC, in turn determining
the amount of DAG produced. PKD1 itself could modu-domains. In the absence of the catalytic domain, the
localization of PKD1 was not significantly changed (R  late the GTPase activity of Gq. To address this ques-
tion, we determined whether expression of PKD1 af-0.74  0.13, n  13) compared with that of wt PKD1
(R  0.78  0.07, n  17). Furthermore, removal of the fected the time course of DAG production in response
to receptor activation. Relative changes in single-cellPH domain from the regulatory domain did not alter the
distribution of the protein (R  0.7  0.09, n  14). DAG levels were estimated from the translocation of
the C1A domain of PKC (C1A-GFP) in response toHowever, removal of the entire V1 domain significantly
reduced the R value (0.45 0.12, n 27), and this effect receptor activation (Figure 7A). The translocation time
course of C1A-GFP to the plasma membrane has beenwas not dependent on the presence or absence of the
shown to be closely correlated with the accumulationcatalytic domain (R  0.48  0.13, n  19). Removal of
of DAG in the plasma membrane (Oancea et al., 1998).the C1B domain also significantly decreased membrane
When HM1 cells were transfected with C1A-GFP alonelocalization (R  0.15  0.09, n  10). These results
or with C1A-GFP and PKD-dSRed2 and stimulated withsuggest that the V1 domain together with the C1B do-
carbachol, the presence of PKD-dSRed2 did not signifi-main mediated the plasma membrane localization of
cantly change the amplitude and time course of thePKD1 in the presence of Gq*. The involvement of C1B in
C1A-GFP response to carbachol in the absence ofpersistent plasma membrane localization is consistent
PKD1 (t1/2  157.9  40.7 s; t1/2  136.1  34.6 s in thewith the results in Figure 4. We conclude that C1B, which
presence of PKD). This suggests that PKD1 is not likelypartially, but irreversibly, translocates to the plasma
to modulate the GTP-bound state of Gq. However, amembrane, is capable of stabilizing PKD1 at the plasma
direct test for PKD1 modulation of the GTPase activitymembrane.
of Gq requires both purified Gq and PKD1 proteins.We next sought to determine the activation state of
Because of PKD1’s large molecular size and poor solu-PKD1-GFP in the presence of the inactive or the consti-
bility, we could not obtain sufficient purified PKD1 pro-tutively active form of Gq. PKD1-GFP coexpressed
tein to directly test this possibility.with Gq or Gq* was immunoprecipitated from HM1
cells with a GFP-specific antibody and then probed ei-
ther with an anti-GFP antibody or anti-phospho PKD1 PKD1 Decodes Different Frequencies
of Hormonal Stimuli(Ser916) antibody (Figure 6A). A much higher fraction
of PKD1-GFP was active upon PKD1-GFP constitutive The results described above were obtained for persis-
tent hormonal stimulation. However, in many physiologi-translocation to the plasma membrane in the presence
of Gq* than in the presence of Gq. These results cal systems, hormonal stimulation occurs in short and
periodic pulses. The frequency as well as the durationsuggest that Gq* is sufficient for PKD1 translocation
to the plasma membrane and activation. of the pulses can determine the specificity of the cellular
response. Hence, we sought to determine how PKD1The interaction between PKD1 and Gq* was directly
tested by coimmunoprecipitation (Figures 6B–6D). First, responds to stimuli of different frequencies. First, we
analyzed the response of PKD1-GFP to a 60 s carbachola GFP-specific antibody immunoprecipitated PKD1-
GFP, while an anti-HA antibody immunoprecipitated HA- pulse applied to HM1 cells (Figure 7B). The plasma mem-
brane translocation of PKD1-GFP was compared withGq*. Although both the N and the C termini of Gq*
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Figure 6. PKD1-GFP Is Activated by Directly Interacting with Gq*
(A) The kinase activity of PKD1-GFP was elevated in the presence of Gq*, but not Gq. PKD1-GFP was expressed in HM1 cells in combination
with either Gq* or Gq and immunoprecipitated with an anti-GFP antibody. Equal amounts of protein were analyzed either with a GFP-
specific antibody (lower panel) or with a phospho-PKD1 (Ser916)-specific antibody (upper panel).
(B) HA-tagged constitutively active Gq (HA-Gq*), but not HA-Gq, localized PKD1-GFP to the plasma membrane. An HA tag fused to the
N terminus of Gq* or Gq did not interfere with the Gq*-induced localization of PKD1-GFP to the plasma membrane. HA-Gq did not alter
the intracellular distribution of PKD1-GFP. Calibration bar, 10 m.
(C) Gq* and PKD1 directly interact via the C1B domain of PKD1. HEK cells were transfected with HA-Gq* and GFP, HA-Gq* and PKD-
GFP, or PKD-C1B-GFP. Monoclonal anti-HA was the primary antibody used in lanes 1–6 and 9–11, and anti-GFP was the primary antibody
used in lanes 7 and 8. Lanes 3 and 6 contain eight times more total protein than lanes 2 and 5, respectively. HA-Gq* (lane 6) coimmunoprecipi-
tated with PKD-GFP with the anti-GFP antibody (representative of six gels). HA-Gq* (lane 11) also coimmunoprecipitated with PKD-C1B-
GFP, with the same GFP-specific antibody.
(D) Endogenous Gq* and PKD1 directly interact in primary cardiac ventricular fibroblasts. Cultured ventricular fibroblasts stimulated with
LPA (lane1) were used to immunoprecipitate Gq* (lane 2) or PKD1 (lane 3). The samples were analyzed with a polyclonal Gq-specific
antibody. As shown in lane 3, PKD1 coimmunoprecipitates Gq*. Lane 3 contains four times more total protein than lane 2. The result is
representative of four independent experiments.
the translocation of the DAG indicator, C1A-GFP. While The time course for PKD1 translocation and activation
in response to a short hormonal stimulus predicts thatC1A-GFP translocation was fast and completely re-
versible within 200 s (t1/2  77.0  10.9 s), the transloca- PKD1 will respond differently to periodic stimuli that occur
at intervals shorter than 1000 s than to stimuli that occurtion of PKD1-GFP was slow and reversed to baseline
only after 1000 s (t1/2  439.8  109.8 s). A similar time at longer time intervals. To test this prediction, we mea-
sured PKD1’s translocation response to 30 s-long car-course was obtained for PKD1 activation measured with
the phospho-PKD1-specific antibody after a carbachol bachol pulses at 400 s intervals (Figure 7C, left panel).
Each pulse evoked a submaximal PKD1 response. Re-pulse (data not shown). This suggests that translocation
to the plasma membrane and activation of PKD1 are covery was minimal during the 400 s interpulse interval,
resulting in a cumulative response. For the same pulseclosely related.
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protocol (data not shown), PKD1-GFP responded maxi-
mally and fully recovered between carbachol pulses.
PKD1 has a uniquely long residence at the plasma
membrane as a result of being “handed off” from DAG
to Gq*. Stimuli that occur at time intervals shorter than
1000 s are integrated in the PKD1 response, while lower-
frequency pulses elicit the same PKD1 response as an
independent pulse. The range of stimulation intervals
that can be decoded by PKD1 is dramatically different
from members of the PKC family. PKD1 stabilization at
the plasma membrane by Gq converts a short and
transient DAG signal into prolonged PKD1 activation.
Kinetic Model for PKD1 Signal Transduction
The results described above can be incorporated into
a three-state model for PKD1 signal transduction (Figure
8A). The three observable states are: cytosolic (inactive)
PKD1, DAG-bound PKD1, and Gq*-bound PKD1. The
first state is the equilibrium state in the absence of re-
ceptor activation: PKD1 is cytosolic and catalytically
inactive. As DAG is produced by hydrolysis of PIP2,
PKD1 is bound and translocated to the membrane. This
step probably involves rearrangement of the C1 do-
mains, the time course of which we cannot observe.
Once at the plasma membrane, PKD1 binds Gq*. Al-
though DAG levels may subsequently change, PKD1 is
locked into its activated state by its association with
active Gq.
From our experimental data we can determine the
rates for the transitions that involve a translocation from
cytosol to plasma membrane or vice versa. From the
Figure 7. A Short Pulse of Carbachol Induces a Transient DAG Sig- PKD1 translocation curve (Figure 7A), kDG  1/42 s
1
nal, but a Prolonged PKD1 Translocation (0.024 s
1, or 1.4/min). From the PKD1 off kinetics (Figure
(A) Expression of PKD1-GFP did not alter the DAG signal in response 7B), kcyt  1/417 s
1 (0.0024 s 
1, or 0.14/min). Using ourto carbachol. Addition of carbachol (10 M) to HM1 cells expressing
model, we then estimated the rate for the transition
C1A-GFP or C1A-GFP and PKD1-Red2 induced a fast and tran-
between the DAG- and the Gq-bound states by fittingsient translocation of C1A-GFP to the plasma membrane, com-
to a three-state nonequilibrium model. The best fit waspared with the slow and irreversible translocation of PKD1-GFP.
Each trace represents the average of 12–18 cells from at least three obtained for kGq  1/7 s
1 (0.14 s
1, or 8.6/min). For this
independent experiments. particular value of kGq and for the indicated DAG pulses
(B) A 60 s carbachol pulse induced prolonged PKD1 translocation. (Figure 8B), the calculated time course of the plasma
HM1 cells expressing C1A-GFP or PKD1-GFP were stimulated by
membrane-bound PKD1 (PKD1-DAG and PKD1-Gq)a 60 s carbachol pulse. While C1A-GFP translocation was revers-
matches the experimental data. This suggests that theible (t1/2;off  77.0  10.9 s), PKD1-GFP translocation was reversible
DAG-bound state is relatively short lived and that theon a much slower time scale (t1/2;off  439.8  109.8 s). Each trace
represents the average of 10–18 cells from at least three indepen- transition to the Gq-bound state occurs before PKD1
dent experiments. can dissociate from DAG and return to the cytosol. This
(C) PKD1-GFP can decode DAG signals that occur at intervals of intermediate may be important for inducing a conforma-
less than 1000 s. HM1 cells expressing PKD1-GFP were stimulated
tional change that allows PKD1 to bind to Gq*. In thewith a 30 s-long carbachol pulse every 400 s (left panel) or with a
presence of Gq*, but in the absence of DAG, we predict60 s-long carbachol pulse every 1000 s (right panel). Carbachol was
that the transition between the cytosolic state and theadded to the bath after the last pulse to determine the maximal
response. PKD1-GFP translocation was monitored and normalized Gq*-bound state occurs very slowly, presumably be-
to the final carbachol stimulation. Pulses occurring every 400 s led cause cytosolic PKD1 has neither the conformation nor
to a cumulative increase in PKD1 activity (the amplitude of the PKD1 proximity for Gq* binding.
response to the second and third carbachol pulses was smaller
than the first response, possibly due to a smaller pool of cytosolic
DiscussionPKD). Pulses occurring at 1000 s intervals allowed full recovery of
PKD1-GFP translocation and had the same effect as independent
pulses. We have shown that translocation of PKD1 from the
cytosol to the cell membrane and subsequent activation
translates short-lived Gq activation into a prolonged
cellular signal. The unique structure of PKD1 distin-protocol, the translocation of the C1A-GFP was maxi-
mal and fully recovered between pulses (data not guishes its kinetics from other DAG-translocated PKC
enzymes; the C1A domain enables fast, maximal, andshown). When 60 s-long carbachol pulses were used at
1000 s intervals, the response of PKD1 was markedly reversible translocation, while the slow reversibility of
the translocation is effected by PKD1’s N-terminal vari-different (Figure 7C, right panel). While C1A-GFP
showed the same type of response as for the previous able domain (V1) and C1B domains directly binding to
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Figure 8. Model for PKD1-Mediated Signal
Transduction
(A) Three-state kinetic model for PKD1 trans-
location and activation.
(B) Predicted time course for PKD1 transloca-
tion (blue trace) compared with an experi-
mental trace of a single cell (red trace). The
time courses of all three PKD1 states were
derived from the solution of the full kinetic
model. The blue trace represents the calcu-
lated change in occupancy of the cytosolic
state (PKD) in response to the simulated DAG
pulses (green).
(C) Stepwise model for PKD1-mediated sig-
nal transduction. In resting cells, catalytically
inactive protein kinase D (PKD1) is cytosolic,
while Gq-GDP is bound to G at the plasma
membrane (first panel). In the presence of
extracellular agonists, receptors are acti-
vated, and Gq-GTP functionally dissociates
from G. Activated phospholipase C (PLC)
produces diacylglycerol (DAG) at the plasma
membrane. In the presence of DAG, PKD1
gradually translocates from the cytosol to the
plasma membrane as a result of its C12 do-
main binding to DAG (second panel). The
membrane-localized PKD1 binds Gq (third
panel). The Gq-bound PKD1 remains cata-
lytically active (fourth panel).
Gq. In effect, PKD1 is latched into its active state by Rozengurt, 1998; Valverde et al., 1994). This suggests
that PKD1, like PKCs, has a two-domain structure (PearsGq binding.
and Parker, 1991), with its regulatory and catalytic do-
mains connected by a flexible hinge. If these two do-Model for PKD1 Signal Transduction
mains are juxtaposed to shield the kinase, binding ofPrior to receptor stimulation, the majority of the PKD1
DAG or other cofactors may induce a conformationalis soluble and spread diffusely throughout the cytosol.
change to activate the kinase. On the basis of theseUpon activation of Gq-coupled receptors, GTP-bound
assumptions, we propose that PKD1 becomes activeGq activates PLC, which, in turn, hydrolyzes PIP2 into
upon the initial translocation step to the plasma mem-IP3 and DAG. DAG remains associated with the plasma
brane, a step that requires binding of the C12 to DAG.membrane and does not appear to redistribute into the
Active PKD1 can then bind to Gq* and remain at thecell. The soluble arm of this signal transduction pathway
membrane after the DAG signal returns to baseline.(IP3) initiates a rapid increase in Ca2. Over the next few
Previous studies have reported that the translocationminutes, PKD1 becomes associated with the plasma
to the plasma membrane and activation of PKD1 aremembrane DAG via its C12 domains. This process is
dependent on PKC, a PKC isoform that also has a DAGcalled translocation, since the end result is a net in-
binding C12 domain (Zugaza et al., 1996). In our studies,crease in membrane-bound PKD1 and a decrease in
PKC did not change the time course or spatial localiza-cytosolic PKD1. Our results support the hypothesis that
tion of PKD1. Nor did PKD1 change the time course ofPKD1 is stabilized at the membrane by also binding to
PKC-GFP translocation (data not shown). However,Gq*, theoretically requiring a conformational change
since we cannot control the intrinsic levels of endoge-induced by the C12 domain binding to DAG. Although
nous PKC, it is possible that activation of PKC isPKD1-Gq binding might occur in the absence of DAG,
required for the phosphorylation of the activation loop ofsuch binding would be much slower. Long-term stabili-
PKD1. For example, upon phosphorylation, PKD1 mightzation of PKD1 in the plasma membrane is associated
undergo a conformational change that allows the C12with the long-term activation of the kinase, resulting in
domain to bind DAG. This sequence of events coulda long-lasting cellular response.
explain the longer time constant measured for PKD1PKD1 does not have an obvious pseudosubstrate that
translocation than for PKC translocation.can shield its active site. Thus, the point at which the
kinase becomes active is less clear than for conventional
protein kinase C (Oancea and Meyer, 1998). PKD1 is
Functional Implications of PKD1 Binding to Gq*cleaved by caspase, releasing the active catalytic do-
Gq is attached to the plasma membrane mainly throughmain of PKD1. Moreover, in the absence of its PH or
C12 domain, PKD1 is constitutively active (Iglesias and palmitoyl modifications of its C-terminal cysteines
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Experimental Procedures(Wedegaertner et al., 1993). Despite some reports sug-
gesting that Gq changes its localization upon receptor
Cell Culture, Molecular Biology, and DNA Transfectionactivation (Cote et al., 1997), imaging studies do not
HEK and HM1 cells were grown as described (Strubing et al., 2001).
support these conclusions. When a GFP tag was in- Primary ventricular fibroblasts were dissociated from ventricles of
serted into an internal loop of Gq, the plasma mem- postnatal p1 rat pups with the Neonatal Cardiomyocyte Isolation
System (Worthington Biochemical). Fibroblasts were grown inbrane component remained unchanged after receptor
DMEM media supplemented with 10% fetal bovine serum and peni-activation (Hughes et al., 2001). Our experiments show
cillin/streptomycin. All cells used for imaging studies were fromthat PKD1 can interact with the GTP-bound form of
passages 2–5.Gq (Gq*) at the plasma membrane. This raises the
GFP fusion proteins were constructed with the pEGFP-N or
question, how does this interaction affect Gq’s function pEGFP-C vectors (Clontech). N-terminal HA-tagged Gq was con-
and ability to interact with other proteins? structed with pCMV-HA (Clontech). Proteins or protein fragments
were amplified by PCR and ligated into their respective vectors.We have observed that not only Gq*-HA, but also
For imaging purposes, cells were transfected with DNA by electro-Gq-HA, coimmunoprecipitates with PKD1-GFP (data
poration according to the procedure described in Teruel and Meyernot shown). However, the interaction between Gq and
(1997). Cells at 70%–80% confluency were transfected 14–30 hr priorPKD1 does not mediate PKD1-GFP’s translocation to
to experiments. For biochemical assays, HEK cells were transfected
the plasma membrane in vivo. PKD1’s ability to interact with LipofectAMINE 2000 (Invitrogen) and assayed 30–50 hr after
with both Gq and Gq* might allow the kinase to remain transfection.
bound during the GTPase cycle and, perhaps, also pre-
vent Gq from binding to G. As stated in our results, Immunoprecipitation and Western Blotting
HEK cells plated on 35 mm petri dishes were transfected with onethe direct test for PKD1 modulation of the GTPase activ-
or more DNA constructs containing either GFP or HA tags. Cellsity of Gq is not currently feasible. It remains to be
were lysed with PBS with 1% Triton X-100 and protease inhibitors,determined whether binding between PKD1 and Gq
and the lysates were incubated overnight at 4C with either Immuno-has any functional implications for Gq interactions with
Pure Immobilized Protein A/G (Pierce) and GFP antibody (Molecular
other proteins or with free G. Nonetheless, the major Probes) or with anti-HA affinity matrix (Roche Molecular Biochemi-
finding from our studies is that Gq acts as an anchoring cals). The samples were washed three times with PBS buffer con-
taining 0.1% Triton X-100, eluted by boiling in 2 NuPAGE LDSprotein for PKD1 at the plasma membrane.
sample buffer, analyzed using NuPAGE 4%–12% Bis-Tris gel, and
Western blotted by standard protocols. Monoclonal anti-HA HRP-
conjugated antibody (Roche Molecular Biochemicals) and poly-The PKD1 Translocation/Activation Mechanism:
clonal anti-GFP antibody (Molecular Probes) were used as primary
Potential Implications for Cellular Function antibodies to detect the HA- or GFP-tagged proteins. An enhanced
The unique feature of the PKD1 translocation/activation chemoluminescence kit (Amersham Pharmacia Biotech) was used
for detection of protein bands.mechanism is that it translates a short-lived DAG signal
The immunoprecipitation protocol and GFP-specific antibodiesinto persistent PKD1 activation. The persistent activa-
described above were used for testing the activation of PKD1. Equaltion of PKD1 potentially leads to long-term cellular ef-
amounts of PKD1-GFP immunoprecipitated from HM1 cells werefects and explains one mechanism by which brief hor-
analyzed on two separate gels. One gel was probed with GFP anti-
monal stimuli result in long-lasting responses, like gene body (Covance), and the other gel was probed with phospho-PKD1
transcription or cellular motility. Of course, the PKD1- (Ser916) antibody (Cell Signaling Technology).
Confluent cardiac ventricular fibroblasts were serum-starved formediated cellular responses will depend on the nature
24 hr and then stimulated with 20 M lysophosphatidic acid (LPA)of the substrates that are phosphorylated by PKD1. The
(Sigma) for 10 min. Cells were then harvested with PBS with 1%substrate specificity of PKD1 is not well known, and only
Triton X-100 and protease inhibitors, and the lysates were incubatedtwo substrates have been proposed to date: Kidins220
overnight at 4C with either ImmunoPure Immobilized Protein A/G
(Iglesias et al., 2000) and c-Jun N-terminal kinase (Hurd (Pierce) and anti-Gq antibody specific for the C terminus of Gq
et al., 2002). (gift from Dr. Paul Sternweis, UTSW, Dallas) or with agarose-conju-
gated anti-PKD1 antibody C-20 (Santa Cruz Biotechnology). TheWe hypothesize that, in response to activation of Gq-
immunoprecipitated samples were analyzed as described above,coupled receptors, active PKD1 colocalizes at the
with the Gq-specific antibody for blotting.plasma membrane in order to be in close proximity to
a particular substrate. Since most of the events involved
Confocal Imaging and Image Analysisin cellular motility take place at or in the vicinity of the
Scanning confocal microscopy was used to monitor the transloca-plasma membrane, proteins involved in cytoskeletal re-
tion of GFP, RED2, or YFP fusion constructs in response to different
modeling are good candidates for PKD1 substrates. A stimuli. Cells expressing GFP fusion proteins were excited by 488
potential involvement of PKD1 in regulating cytoskeletal nm laser illumination, and the emission was bandpass filtered from
512 to 527 nm (Zeiss LSM 410). Images were analyzed in NIH Imagechanges is also suggested by the presence of its PH
1.62. Time series of 80–100 images were recorded, and the fractiondomain, since the PH domains of several other proteins
of fluorescence translocated to the plasma membrane was calcu-(e.g., PKB) bind PI3K products to mediate cytoskeletal
lated for each condition. In each time series, the first two images
changes (Lemmon et al., 2002). Furthermore, the time were recorded as a reference point before the stimulus. Images
course of receptor-triggered cytoskeletal remodeling is were not corrected for photobleaching, since the decrease in fluo-
in the same range as the time course of PKD1 transloca- rescence due to prolonged laser illumination was a minor fraction
of the total fluorescence.tion and activation. While our study reveals the mecha-
For each cell and each image of a time series, we measured thenism by which PKD1 reaches the plasma membrane
fluorescence of a homogenous area of the cytosol [Icyt(t)], repre-and remains active for relatively long durations, further
senting more than 10% of the total cytosolic area. The ratio R(t),
studies will be necessary to elucidate the signaling steps representing the fraction of fluorescence that disappeared from the
that connect PKD1 activation with downstream cellular cytosol, was calculated for each time point as the ratio between
Icyt(t) and the value determined from the first two reference imagesevents.
Persistent PKD1 Translocation and Activation
573
[Icyt(0)]. R(t) was normalized between 0 and 1 [R(t)norm], in order to N. (1997). Association of the G protein q/11-subunit with cytoskel-
eton in adrenal glomerulosa cells: role in receptor-effector coupling.compare cells with different levels of expression. Assuming that
the total fluorescence of the cell remained constant and that the Endocrinology 138, 3299–3307.
translocation occurred exclusively between the cytosol and plasma Endo, K., Oki, E., Biedermann, V., Kojima, H., Yoshida, K., Johannes,
membrane, the increase in plasma membrane fluorescence, or PM F.J., Kufe, D., and Datta, R. (2000). Proteolytic cleavage and activa-
translocation, can be calculated as 1 
 R(t)norm. Half-times (t1/2) for tion of protein kinase C by caspase-3 in the apoptotic response
translocation were analyzed with MatLab. The ratio R  Fmem/Fcyt in of cells to 1--D-arabinofuranosylcytosine and other genotoxic
Figure 5 was calculated as (IPM 
 Icyt)/(IPM  Icyt), where IPM is the agents. J. Biol. Chem. 275, 18476–18481.
fluorescence intensity in a representative region of the plasma mem-
Hughes, T.E., Zhang, H., Logothetis, D.E., and Berlot, C.H. (2001).
brane and Icyt is the fluorescence intensity of a representative region Visualization of a functional Gq-green fluorescent protein fusion
of the cytosol.
in living cells. Association with the plasma membrane is disrupted
by mutational activation and by elimination of palmitoylation sites,
Modeling and Simulation but not by activation mediated by receptors or AlF4. J. Biol. Chem.
A three-state kinetic model was developed to simulate the occu- 276, 4227–4235.
pancy and rates of transition between the three states of PKD1: Hurd, C., Waldron, R.T., and Rozengurt, E. (2002). Protein kinase D
cytosolic (state A), DAG bound (state B), and Gq* bound (state C). complexes with C-Jun N-terminal kinase via activation loop phos-
A closed loop was assumed, given that, on the timescale of our phorylation and phosphorylates the C-Jun N-terminus. Oncogene
experiments, synthesis or degradation of protein was negligible. 21, 2154–2160.
The following differential equations were used to create the model:
Hurley, J.H., Newton, A.C., Parker, P.J., Blumberg, P.M., and Nishi-
zuka, Y. (1997). Taxonomy and function of C1 protein kinase CdA(t)
dt
 
kABA(t)DAG(t)  kBAB(t) 
 kACA(t)  kCAC(t) homology domains. Protein Sci. 6, 477–480.
Iglesias, T., Cabrera-Poch, N., Mitchell, M.P., Naven, T.J., Rozengurt,
E., and Schiavo, G. (2000). Identification and cloning of Kidins220,dB(t)
dt
 kABA(t)DAG(t) 
 kBAB(t)  kCBC(t) 
 kBCB(t)
a novel neuronal substrate of protein kinase D. J. Biol. Chem. 275,
40048–40056.
dC(t)
dt
 kACA(t) 
 kCAC(t)  kBCB(t) 
 kCBC(t) Iglesias, T., Matthews, S., and Rozengurt, E. (1998). Dissimilar phor-
bol ester binding properties of the individual cysteine-rich motifs of
protein kinase D. FEBS Lett. 437, 19–23.The following rate constants were calculated from the experimental
Iglesias, T., and Rozengurt, E. (1998). Protein kinase D activationdata: kAB  1/42.7 s
1, kBA  1/74.1 s
1, and kCA  1/416.6 s
1. kCA
by mutations within its pleckstrin homology domain. J. Biol. Chem.(direct binding of cytoplasmic PKD1 to Gq) was assumed to be
273, 410–416.insignificant. DAG(t) is a time-dependent function that represents
the DAG signal produced in response to activation of the M1 recep- Irie, K., Nakahara, A., Ohigashi, H., Fukuda, H., Wender, P.A., Koni-
tor. The DAG(t) function was determined by fitting the experimental shi, H., and Kikkawa, U. (1999). Synthesis and phorbol ester-binding
data obtained for the C1A-GFP translocation in response to a studies of the individual cysteine-rich motifs of protein kinase D.
carbachol pulse. For a given DAG(t) function, the time-dependent Bioorg. Med. Chem. Lett. 9, 2487–2490.
occupancy of all three states was determined as a function of the Jamora, C., Yamanouye, N., Van Lint, J., Laudenslager, J., Vanden-
kBC and kCB rates. heede, J.R., Faulkner, D.J., and Malhotra, V. (1999). G-mediated
The set of coupled differential equations was solved with the regulation of Golgi organization is through the direct activation of
ordinary differential equation solver in Matlab, which uses the ex- protein kinase D. Cell 98, 59–68.
plicit Runge-Kutta formula, with a relative tolerance of 10
4. The
Lemmon, M.A., Ferguson, K.M., and Abrams, C.S. (2002). Pleckstrinleast-squares fit was performed between the time course of state
homology domains and the cytoskeleton. FEBS Lett. 513, 71–76.C and the experimental data. We then determined the values for
Liljedahl, M., Maeda, Y., Colanzi, A., Ayala, I., Van Lint, J., andthe kBC and kCB rates that minimized the error. The best fit was
Malhotra, V. (2001). Protein kinase D regulates the fission of cellobtained for a kBC of 1/6.7 s
1 and for very small values of kCB (1/
surface destined transport carriers from the trans-Golgi network.1000 s
1).
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